1) Derivation of empirical pressure-density equations that describe the pressure required to achieve a certain density by a compaction process [1] [2] [3] [4] [5] [6] .
2) Development of yield functions based on MohrCoulomb theory [7] [8] [9] [10] [11] [12] [13] [14] .
3) Development of yield functions based on Torre's hollow sphere model [15] [16] [17] [18] [19] .
4) Establishment of theories for powder compaction based on experimental powder behavior with or without macroscopic statistical measures [20] [21] [22] [23] [24] [25] [26] [27] . Although many workers have tried to include some material characteristics, i.e. flow stress, strain hardening, etc., no theory paid attention to the powder material as an assembly of particles that may have different characteristics. Except those proposed by one of the authors and his co-workers [20, 21] , the above theories assume several simplifications from the real powder configurations as:
Specific compaction process. Specific compaction stage . Specific packing pattern. Specific particle shape . Specific size distribution (Mono/bimodal). Specific particle loading and deformation.
The constitutive equations for powder com-M.A.E. Saleh, Susumu Shima paction described in [20, 21] , on the other hand, have put no such limitations. These equations were successfully used for the compaction of both metallic [20] and ceramic [21] powders of different shapes and in various compaction processes. They were also used in the simulation of closed-die and isostatic compaction [28] [29] [30] [31] [32] as well. However, the equations include some parameters, called the compaction parameters, which vary from one powder to another without known physical interpretations. As a powder characteristic, only the density ratio is incorporated in the equations. Previous experiments have shown the effect of the powder characteristics upon the axial and lateral pressures [33] and upon the density distribution during compaction [32] . The present work analyses the results of those experiments to re-formulate the compaction parameters in terms of the powder characteristics; i.e. shape, size distribution and particle strength. Both the shape and the size distribution contribute to the initial powder packing and to the course of deformation of the particles. Although tap density in some cases is proved to be a good measure for the effect of particle shape on the initial packing [33] , there are no easy measures for other effects, like size distribution and inter-particle characteristics. An easy way is to group the powders according to the particle shape and analyze the behavior of the powders of each group.
Constitutive equations
Due to Shima et al. [20, 21] , the yield function is; F=(3/2)ƒÐijƒÐij+(ƒÐm/f)2-S2=0 (1) Parameters S and f are the compaction parameters. They have been expressed in terms of the density ratio p as; f=1/a(1-ƒÏ)m,S=ƒÏno (2) Parameters a, m, n and o are constants whose values change from one powder to another according to changes in the powder characteristics. Tap density [33, 34] is a key measure for particle shape, size distribution, and inter-particle characteristics (friction and cohesion). Instead of the above formulation off and S, we are trying to incorporate tap density ratio (pi) by introducing f in place of simple p, and ip in place of p" as follows The details of the experimental procedure and apparatus were explained elsewhere [34] . In brief, closed-die compaction was carried out on three different groups of copper powders. One group consists of five copper powder fractions (A-.E) extracted by sieving from parent powders so that every fraction includes particle sizes between two consecutive standard sieve sizes. These powder fractions were compacted in the annealed condition. The second group consists of four spherical copper powders and the third group consists of three dendrytic powders. The powders in the second and the third groups were selected to be with wide particle size distributions and compacted in both the annealed and the as-received conditions. The powders characteristics are shown in Tables 1, 2 and 3.   Table 1 Characteristics of copper powder fractions. Table 2 Characteristics of spherical copper powders. 
Compaction parameter f for commercial powders
The behavior of parameter f is found to be affected by the variations in the compaction mechanisms throughout the closed-die compaction process. Accordingly, the process is divided into three convenient stages: the initial stage, the intermediate stage and the high density stage. Fig.2 shows the variation of parameter f throughout the observed compaction stages. 4 [6, 17] . The f-ƒÓ relationship is shown in Fig. 2-b for annealed spherical powders in Table  2 and in Fig. 3 (Fig. 2-b) . This is also the same in the asreceived condition (Fig.  3) from one another and they were generally different form those for the spherical ones. Parameter a is, therefore, dependent upon the powder condition (asreceived or annealed) and the particle shape (spherical or dendrytic) in addition to the size distribution of the powder. Since value of m=0.277 is the same as obtained above for copper powder fractions with narrow size-distributions, it can be commonly used for copper powders.
High-density compaction stage
Above a density ratio of r=0.92 the f-p relationship follows a different rule as shown in Fig. 2 c for the annealed spherical powders and in Fig. 4 for the annealed dendrytic ones. This would be due to the fact that the densification in this stage is different from that below p=0.92 and is attributed to the bulk deformation of each particle rather than to the inter-particle sliding [6] . In this stage, the value of m in Eq. (4) is seen to be -1. Fig. 5-a shows the variation of parameter S against ip with n=1 for the spherical powders in the annealed condition. A value of c=0 is obtained in this stage for both powder cases. It is obvious in Fig.  5 -a that the value of o differs from one powder to another although the annealed powders have more or less the same initial particle strength. Although it is not shown here, the S-ip relationship was also found to be linear for the as-received powders. In this case, the values of o were, in general, higher than the corresponding ones in Fig. 5 -a. Since the particle strength of as-received powder is greater than that of annealed one, the differences between the values of o in these two cases shows that o is dependent on the powder particle strength. However, since the densification is due not only to particle deformation but also inter-particle sliding as well, the value of o is not a function of only p; the particle size distribution is an important factor that controls particle deformation and inter-particle sliding and thus, parameter o . The detail would possibly be studied by simulation based on particulate modeling [35] . The S-ip relationships are shown in Fig. 6 -a for the annealed dendrytic powders and Fig. 6-b for the as-received dendrytic ones. The value of n is the same as for the spherical powders, i.e. n=3.2. A value of c=0, in Eq. (5), is valid for the dendrytic powders. Although the curve for CE5 is a little different from the others, all the curves in Fig. 6 -a are nearer to each other, so are the curves in Fig. 6-b ; this shows that the scatter in the value of o is small. It is considered that since the inter-particle sliding is less likely to occur in dendrytic powders than in spherical ones, the scatter in the value of is less than that in Fig. 5 -a. 5 
Conclusions
The constitutive equations previously developed for powder compaction were modified in an attempt to incorporate the powder characteristics. The effect of powder characteristics upon the densification mechanisms throughout the compaction process was tackled by dividing the compaction process into convenient stages. New expressions for the compaction parameters f and S were developed based on the compaction stages. Tap density is incorporated in the new expressions as a representative measure of powder particle geometrical (size, shape and size distribution) and inter-particle (friction and cohesion) characteristics.
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